In bakers' yeast, an immediate alcoholic fermentation begins when a glucose pulse is added to glucoselimited, aerobically grown cells. The mechanism of this short-term Crabtree effect was investigated via a comparative enzymic analysis of eight yeast species. It was established that the fermentation rate of the organisms upon transition from glucose limitation to glucose excess is positively correlated with the level of pyruvate decarboxylase (EC 4.1.1.1). In the Crabtree-negative yeasts, the pyruvate decarboxylase activity was low and did not increase when excess glucose was added. In contrast, in the Crabtree-positive yeasts, the activity of this enzyme was on the average sixfold higher and increased after exposure to glucose excess. In Crabtree-negative species, relatively high activities of acetaldehyde dehydrogenases (EC 1.2.1.4 and EC 1.2.1.5) and acetyl coenzyme A synthetase (EC 6.2.1.1), in addition to low pyruvate decarboxylase activities, were present. Thus, in these yeasts, acetaldehyde can be effectively oxidized via a bypass that circumvents the reduction of acetaldehyde to ethanol. Growth rates of most Crabtree-positive yeasts did not increase upon transition from glucose limitation to glucose excess. In contrast, the Crabtree-negative yeasts exhibited enhanced rates of biomass production which in most cases could be ascribed to the intracellular accumulation of reserve carbohydrates. Generally, the glucose consumption rate after a glucose pulse was higher in the Crabtree-positive yeasts than in the Crabtree-negative yeasts. However, the respiratory capacities of steady-state cultures of Crabtree-positive yeasts were not significantly different from those of Crabtree-negative yeasts. Thus, a limited respiratory capacity is not the primary cause of the Crabtree effect in yeasts. Instead, the difference between Crabtree-positive and Crabtree-negative yeasts is attributed to differences in the kinetics of glucose uptake, synthesis of reserve carbohydrates, and pyruvate metabolism.
Alcoholic fermentation during bakers' yeast production is undesirable. Ethanol formation can be prevented by growing the organism under sugar limitation. However, because bakers' yeast is produced in large fermentors, sugar concentration gradients occur. When glucose concentrations rise above 100 to 200 mg/liter, aerobic alcoholic fermentation sets in (23, 24) . This fermentative response to higher sugar concentrations is known as the short-term Crabtree effect (14, 20) .
The Crabtree effect has been the subject of many studies (1, 3, 4, 7, 19a, 20, 22) . The main goal of these studies was to assess the role of the respiratory capacity of Saccharomyces species in the Crabtree effect. Kappeli (7) emphasized that Saccharomyces spp. possess limited respiratory capacities, which cause increased intracellular pyruvate concentrations. Only when pyruvate accumulates does the fermentative enzyme pyruvate decarboxylase become important, since its affinity for pyruvate is much lower than that of pyruvate dehydrogenase, the key enzyme of the oxidative route (6, 22) . However, van Urk et al. (19a, 20) Determination of glycogen and trehalose. Glycogen and trehalose contents of cells were determined as described by van Urk et al. (20) .
RESULTS
Selection of strains. We selected eight yeast species for the determination of transient responses after the exposure of yeasts to glucose excess. These species had already been characterized in the literature with respect to the occurrence of the Crabtree effect. Generally, however, information on their responses to excess sugar concerned only long-term adaptation, which involves the repression of respiratory enzymes in aerobic batch cultures. It was anticipated that like S. cerevisiae, other Crabtree-positive yeasts would respond to a sudden exposure to glucose excess by an instantaneous, aerobic alcoholic fermentation (i.e., a shortterm Crabtree effect [14, 20] (19) .
Rate of biomass production. The rate of biomass production of three of the Crabtree-positive yeasts immediately after glucose addition (phase I) remained about equal to that during the steady state in the chemostat (Table 1) . T. glabrata behaved differently. Its rate of biomass production during phase I was twice that of the steady-state culture. After adaptation to glucose excess, the growth rates of the four yeasts increased ( Table 1 ). The protein content of the Crabtree-positive yeasts remained approximately constant during the experiments (Table 2) ; it may be concluded that the rate of biomass production is directly related to the growth rate. In the Crabtree-negative yeasts, the growth rate cannot be calculated directly from the increase in dry weight, since synthesis of reserve carbohydrates in these organisms was triggered by a glucose pulse ( Table 2 ). K. marxianus behaved differently in this respect: its content of reserve carbohydrates remained constant ( Table 2 ). The growth rates of the Crabtree-negative yeasts should be calculated on the basis of the protein content of the cells and the rate of biomass production (20) . In all Crabtree-negative species, the protein content decreased during phase I. When the growth rate is estimated on the basis of protein, it appears that also these yeasts initially (phase I) continued to grow at the same rate as during glucose limitation. This conclusion may be drawn even in the case of K. marxianus, although the decrease in protein content did not coincide with an increase in glycogen or trehalose (Table 2) . Possibly, other reserve materials such as lipids were accumulated in K. marxianus.
Respiration rate. From a comparison of the Crabtreepositive and Crabtree-negative yeasts, no clear correlation between respiratory activity (qo2) and fermentation rate (qethanol + qacetate) ( Table 1) can be drawn. For instance, the respiration rates of the Crabtree-negative yeasts H. nonfermentans and P. stipitis after transition to glucose excess were even lower than the respiration rate of S. cerevisiae. Moreover, a low rate of respiration did not coincide with a high rate of fermentation, as is evident from the behavior of B. intermedius (Table 1) .
Glucose consumption rate. The Crabtree-positive yeasts generally exhibited a higher rate of glucose consumption than the Crabtree-negative species. C. utilis and B. intermedius behaved exceptionally. The rate of glucose consumption was markedly higher in C. utilis than in the other three Crabtree-negative yeasts. However, this organism accumulated more glycogen as a reserve carbohydrate than the rest. This accumulation of reserve carbohydrates results in a low glycolytic rate. The rate of glycolysis can be estimated, roughly, as follows: qglycolysis = qglucose -qglycogenqtrehalose (in millimoles of glucose units gram-' hour-').
It can be calculated that the qgiycolysis in the Crabtreenegative yeasts during phase I was 1.8 to 3.5 mmol g-1 h-', whereas this parameter was 6.2 to 7.5 in the Crabtree-positive yeasts, excluding B. intermedius. In B.
intermedius, qglclysis during phase I was much lower (1.1 mmol g-' h-4) than in the other Crabtree-positive yeasts. This is not surprising, in view of the low rates of growth, respiration, and fermentation encountered in this organism (Table 1) . Altogether, these results establish that the carbon Also, the pdc mutant of S. cerevisiae excreted pyruvate at a high rate, but alcoholic fermentation was low (Table 3) .
Enzyme levels. As discussed above, the high fermentation rates of Crabtree-positive yeasts must result from high intracellular pyruvate concentrations and high pyruvate decarboxylase activities. Indeed, the pyruvate decarboxylase activities in these yeasts were higher than those in the Crabtree-negative yeasts ( icantly in the Crabtree-positive yeasts during glucose pulse experiments (Table 4 ). In contrast, the activities of pyruvate decarboxylase in the Crabtree-negative yeasts remained much lower compared with those encountered in the Crabtree-positive yeasts ( (Table 4 ). In the Crabtree-positive yeasts, this bypass oxidation route may also be used (6, 10) (Table 4) . However, because the activity of the enzyme pyruvate decarboxylase in these yeasts was higher than that of acetylCoA synthetase, alcoholic fermentation was the predominant process at high intracellular pyruvate concentrations. 
DISCUSSION
The results of our comparative study on the metabolic behavior of eight yeast species show that several parameters are decisive for the occurrence of the short-term Crabtree effect. These include the rate of glucose consumption, the capacity to accumulate reserve carbohydrates, the level of pyruvate decarboxylase in the cells during exposure to glucose excess, and the growth rate under this condition.
It is evident that a prerequisite for alcoholic fermentation is the presence of the enzymes of the fermentative route, pyruvate decarboxylase and alcohol dehydrogenase. This prerequisite was fulfilled in all cases but one (i.e., P. stipitis, which did not contain alcohol dehydrogenase under the culture conditions employed [ Table 4 ]). Generally, a high rate of alcoholic fermentation correlated with high levels of pyruvate decarboxylase. This can be seen from a plot of the rates of fermentation (i.e., qethanol + qacetate) of the various yeasts and their pyruvate decarboxylase levels (Fig. 1) . A similar pattern for pdc mutants of S. cerevisiae was found by Schmitt and Zimmermann (17) under conditions in which long-term effects are relevant. The correlation in Fig. 1 is, however, not strict, indicating that other regulating factors are also involved. For example, the pdc mutant of S. cerevisiae had approximately the same level of pyruvate decarboxylase as the Crabtree-negative yeasts but nevertheless carried out alcoholic fermentation, albeit at a low rate. An important factor in this respect is the branching point at the level of acetaldehyde, at which fermentation and respiration compete for the same substrate. In the Crabtreenegative yeasts, the rate of respiration of acetaldehyde is probably high enough to prevent even a low rate of ethanol production.
An enhanced flux through the glycolytic pathway is the basis of the short-term Crabtree effect (see above). High rates of alcoholic fermentation were typically encountered in the species that exhibited high rates of glucose consumption (Fig. 2) . However, the physiological interpretation of the glucose consumption rate should be made carefully. This parameter is not identical to the rate of glycolysis. In C. utilis, for example, a high rate of glucose consumption was observed, but this was largely due to the accumulation of glycogen. In addition, not only the rate of catabolism (fermentation and respiration) but also the rate of anabolism contributes to the rate of glycolysis. This is because the synthetic pathways of many cell constituents originate at or beyond the level of pyruvate. The primary event that causes an enhanced rate of glycolysis is the increased uptake of glucose from the environment. Different mechanisms of glucose uptake exist in Saccharomyces spp. and Candida spp. In Saccharomyces spp., glucose is taken up by facilitated diffusion (8, 9) , and in Candida spp., glucose is taken up by proton symport (11, 13, 15, 18) . Recent work in our laboratory on glucose uptake has shown that this difference between Saccharomyces spp. and (14) has been explained in terms of a limited respiratory capacity. Although this may apply to this particular strain, it cannot be a general explanation for this effect. Alcoholic fermentation in the Crabtree-positive yeasts upon transition from glucose limitation to glucose excess was not associated with low respiratory activity (Table 1) . Moreover, compared with the steady-state respiratory activities, all yeasts increased their specific oxygen consumption rates upon transition to glucose excess. Apparently, they possessed a catabolic overcapacity but, in most cases, no anabolic overcapacity. In other words, the protein synthesis rates before and immediately after glucose addition were equal in most of the yeasts tested. As discussed previously (20) , under glucose excess, this will lead to an uncoupling of catabolic and anabolic reactions. Therefore, overflow reactions will occur in the Crabtree-positive and Crabtree-nega- Tables 1 and 3-5. tive yeasts. Similar results were obtained by Neijssel and Tempest (12) with aerobic bacterial chemostats of Klebsiella aerogenes which were pulsed with excess glucose.
We conclude that the different behaviors of Crabtreepositive and Crabtree-negative yeasts must be explained in 
